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Abstract
The oxic-settling-anoxic (OSA) process, which involves an aerobic tank attached to oxygen- and
substratedeficient external anoxic reactors, minimizes sludge production in biological wastewater
treatment. In this study, the microbial community structure of OSA was determined. Principal coordinate
analysis showed that among the three operational factors, i.e., (i) redox condition, (ii) external reactor
sludge retention time (SRText), and (iii) sludge interchange between aerobic and anoxic reactors, redox
condition had the greatest impact onmicrobial diversity.Generally, reactorswith lower oxidation-reduction
potential had highermicrobial diversity. The main aerobic sequencing batch reactor of OSA (SBROSA) that
interchanged sludgewith an external anoxic reactor had greater microbial diversity than SBRcontrol which
did not have sludge interchange. SBROSA sustained high abundance of the slow-growing nitrifying
bacteria (e.g., Nitrospirales and Nitrosomondales) and consequently exhibited reduced sludge yield.
Specific groups of bacteria facilitated sludge autolysis in the external reactors. Hydrolyzing (e.g.,
Bacteroidetes and Chloroflexi) and fermentative (e.g., Firmicutes) bacteria, which can break down
cellularmatter, proliferated in both the external aerobic/anoxic and anoxic reactors. Sludge autolysis in the
anoxic reactor was enhanced with the increase of predatory bacteria (e.g., order Myxobacteriales and
genus Bdellovibrio) that can contribute to biomass decay. Furthermore, β- and γ-Proteobacteria were
identified as the bacterial phyla that primarily underwent decay in the external reactors.
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Abstract
The oxic-settling-anoxic (OSA) process, which involves an aerobic tank attached to oxygenand substrate-deficient external anoxic reactors, minimizes sludge production in biological
wastewater treatment. In this study, the microbial community structure of OSA was
determined. Principal coordinate analysis showed that among the three operational factors,
i.e., (i) redox condition, (ii) external reactor sludge retention time (SRText), and (iii) sludge
interchange between aerobic and anoxic reactors, redox condition had the greatest impact on
microbial diversity. Generally, reactors with lower oxidation-reduction potential had higher
microbial diversity. The main aerobic sequencing batch reactor of OSA (SBROSA) that
interchanged sludge with an external anoxic reactor had greater microbial diversity than
SBRcontrol which did not have sludge interchange. SBROSA sustained high abundance of the
slow-growing nitrifying bacteria (e.g., Nitrospirales and Nitrosomondales) and consequently
exhibited reduced sludge yield. Specific groups of bacteria facilitated sludge autolysis in the
external reactors. Hydrolyzing (e.g., Bacteroidetes and Chloroflexi) and fermentative (e.g.,
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Firmicutes) bacteria, which can break down cellular matter, proliferated in both the external
aerobic/anoxic and anoxic reactors. Sludge autolysis in the anoxic reactor was enhanced with
the increase of predatory bacteria (e.g., order Myxobacteriales and genus Bdellovibrio) that
can contribute to biomass decay. Furthermore, β- and γ-Proteobacteria were identified as the
bacterial phyla that primarily underwent decay in the external reactors.
Keywords: microbial community analysis, fermentative bacteria, hydrolyzing bacteria,
Illumina sequencing, oxidation-reduction potential, predatory bacteria

1. Introduction
The management of excess sludge constitutes a significant fraction (up to 60%) of the total
operation cost of biological wastewater treatment. Because sludge contains active biomass
and biodegradable materials, treatment is required prior to disposal to prevent negative
impact on public sanitation and environment. Sludge treatment, which mainly involves the
removal of water, volatile solids, and pathogens, is a challenging process due to the strong
binding of water molecules to sludge flocs and the slow biodegradation of the volatile
fraction under ambient conditions (Mowla et al., 2013; Tchobanoglus et al., 2003).
Furthermore, there are only a few options for ultimate sludge disposal. Ocean-dumping and
land-filling were the traditional means of disposing of sludge; however, the former has been
banned to protect marine life and while the latter has been restricted due to the high cost of
landfill operation. Current practices, such as sludge incineration and re-use of sludge as landapplicable biosolids, have some inherent disadvantages. For instance, incinerating sludge is
highly effective in removing volatile solids, but has high energy requirements. Re-using
sludge enables the recovery of organic matter and nutrients, but the conversion of sludge into
2

high-quality biosolids that can be safely used in agricultural applications and the transport of
biosolids from metropolitan facilities to farmlands are expensive (Semblante et al., 2014;
Tchobanoglus et al., 2003). These concerns emphasize the need to minimize sludge
production. Reducing sludge will decrease costs for dewatering, stabilization, transportation,
and other aspects of sludge management (Foladori et al., 2010; Semblante et al., 2014). A
number of approaches have been devised to minimize sludge, such as controlling dissolved
oxygen (DO) and sludge retention time (SRT) of the aeration tank, adding chemicals to
decrease sludge growth, and destroying sludge using advanced oxidation processes.
However, the full-scale implementation of these approaches are hindered because they either
require significant capital and operating cost or only result in a marginal sludge reduction
(Foladori et al., 2010).
The oxic-settling-anoxic (OSA) process is a potentially economical alternative to sludge
reduction. It involves the addition of external anoxic reactor/s in the return sludge loop of the
conventional activated sludge (CAS) process. Due to its simple design, OSA can be set up
using readily available equipment (e.g., tanks, pipes, and pumps) and requires minimal
maintenance (Semblante et al., 2014). The sludge interchange between the external anoxic
reactor/s and the main aerobic tank results in net sludge reduction. Recent research
demonstrated that manipulating parameters such as oxidation-reduction potential (ORP),
sludge interchange rate and external reactor SRT influences the autolysis of sludge in the
oxygen- and substrate-deficient external anoxic reactor/s (Khursheed et al., 2015; Saby et al.,
2003; Semblante et al., 2016b). Sludge can be reduced by more than 35% depending on the
aforementioned parameters and wastewater characteristics (Saby et al., 2003; Semblante et
al., 2015).
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Previous studies hypothesized that sludge reduction in the OSA process is driven by the
selection of a distinct microbial community brought about by the interchange of sludge
between different redox regimes (Goel and Noguera, 2006; Kim et al., 2012; Semblante et al.,
2014). Conventional techniques such as polymerase chain reaction-denaturing gradient gel
electrophoresis have shown that the microbial community in an oxic-settling-anaerobic
system was similar to that of anaerobic digesters, therefore reactions such as sulfate reduction
and methane production took place in the external anaerobic reactor (Kim et al., 2012; Saby
et al., 2003). High-throughput sequencing methods (i.e., pyrosequencing and Illumina
sequencing) produce higher resolution than conventional techniques and hence achieve better
characterization of microbial communities. Application of pyrosequencing analysis showed
that an aerobic/anoxic system with external anaerobic reactor has greater microbial diversity
than a control aerobic/anoxic system (Ning et al., 2014; Zhou et al., 2015) probably because
slow-growing fermentative (Azospira, Propionivibrio and Sulfuritalea) (Zhou et al., 2015)
and hydrolyzing (Sphingobacteria) (Ning et al., 2014) bacteria were enriched under
anaerobic conditions. Meanwhile, Illumina sequencing analysis in the study by Cheng et al.
(2017) showed enrichment of different types of bacteria in an aerobic membrane bioreactor
(MBR), e.g., Nitrospirae, and the attached external anaerobic reactor, e.g., Chloroflexi and
Armatimonadetes. It was further observed that microbial groups that facilitate sludge
autolysis, such as those that perform degradation of extracellular polymeric substances (EPS),
sulphate reduction, and fermentation, survive in the external anaerobic reactor attached to an
anoxic/aerobic sequencing batch reactor (SBR) (Cheng et al., 2017; Ferrentino et al., 2016).
These studies imply that aerobic-anaerobic interchange enriched sludge biomass and that
microbial composition yielded useful information regarding potential biological reactions
relevant to sludge reduction (Cheng et al., 2017; Ferrentino et al., 2016; Ning et al., 2014;
Zhou et al., 2015). Therefore, it is necessary to characterize the microbial community
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structure of OSA, which is expected to differ from that of other configurations available in
literature due to the sensitivity of bacteria to redox and other operating conditions, to
understand its effects on sludge reduction. Addressing this crucial knowledge gap will be
useful in designing bioreactors and selecting operating conditions that will facilitate sludge
reduction.
The aim of this study was to determine the microbial community structure in OSA to provide
insight in its role in sludge reduction mechanisms. A laboratory-scale OSA (SBR with
external aerobic/anoxic and anoxic reactors) with real wastewater was operated alongside a
control (SBR with single-pass aerobic digester). To systematically determine the effects of
microbial community on sludge reduction, Illumina sequencing analysis was performed when
SRT of the SBRs (henceforth called SRTSBR) was kept constant (10 days) and the SRT of the
external reactors (henceforth called SRText) were varied (10, 20, and 40 days). The potential
linkage between operating parameters (e.g., redox condition, SRText, and sludge interchange
between aerobic and anoxic reactors) and microbial community was determined. Variation in
microbial diversity and taxonomic classifications were also systematically investigated.
2. Materials and methods
2.1 Wastewater characteristics
Wastewater was obtained fortnightly from the beginning of the primary sedimentation
channel of Wollongong wastewater treatment plant (WWTP), New South Wales, Australia. It
was stored at 4 °C in plastic containers prior to use. Wastewater characteristics are
summarized in Supplementary Table S1.

2.2 Reactor configuration and operation
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The detailed description of the configuration and operation of the OSA and control systems is
discussed elsewhere (Semblante et al., 2016b). Briefly, the OSA system consisted of a
SBROSA (5 L) attached to external aerobic/anoxic (2 L) and anoxic reactors (2 L) (Figure 1a).
The control system consisted of SBRcontrol (5 L) attached to a single-pass aerobic digester (2
L) (Figure 1b).
[Figure 1]
SBRcontrol and SBROSA were fed with domestic sewage (Section 2.1) and operated at 4
cycles/day and HRT of 12 h. Each cycle comprised of 15 min of filling, 4.5 h of aeration, 1 h
of settling, and 15 min of decanting. The SRT of SBRcontrol and SBROSA were maintained at
10 days by regular sludge wastage (W) (Figure 1).
The aerobic digester of the control system (Figure 1a) was continuously aerated. The SRT of
this digester was adjusted to 40, 20, and 10 days at Phase I, II, and III of the study,
respectively, through sludge wastage (Qout). The aerobic digester was fed from sludge
obtained from SBRcontrol thickened to 5–10 g/L (q1) by centrifugation for 10 min at 3,300 x g.
Sludge was obtained from the SBRcontrol near the end of its aeration phase (e.g., at 4.5 h) to
ensure that the majority of the total chemical oxygen demand (tCOD) had been consumed.
The aerobic/anoxic reactor of the OSA system was intermittently aerated (i.e., 8/16 hours
aeration on/off). The aerobic/anoxic reactor was fed with sludge from SBROSA thickened to
5–10 g/L (q1) by centrifugation for 10 min at 3,300 x g. Sludge was obtained from the
SBROSA near the end of its aeration phase (e.g., at 4.5 h) to ensure that the majority of tCOD
had been consumed. One-third of sludge from the aerobic/anoxic reactor was transferred to
the anoxic reactor (q2), and the rest was discharged (q3). A sufficient amount was discharged
from the external aerobic/anoxic reactor to adjust SRText at 40, 20, and 10 d at Phase I, II, and
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III of the study. Sludge from the anoxic reactor was returned to the aerobic/anoxic reactor
(q4) and SBROSA (q5).
2.3 Calculations
2.3.1 Sludge yield
Sludge reduction was determined by comparing the sludge yield of the SBRs under parallel
conditions, i.e., same experimental phase (Semblante et al., 2016b). The sludge yield (Y) of
the SBR was defined as

𝑌𝑌 =

𝑃𝑃 𝑔𝑔 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
=
𝐶𝐶
𝑔𝑔 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

Equation 1

where P is the sludge produced in terms of mixed liquor volatile suspended solids (MLVSS)
and C is the substrate consumed in terms of tCOD. Sludge yield was derived from the slope
of the linear regression of the cumulative sludge produced versus the cumulative substrate
consumed. The detailed calculation of sludge production and substrate consumption is
provided in Supplementary Table S2.
Sludge reduction was calculated as the difference in sludge yield of SBRcontrol and SBROSA:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) =

𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 – 𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂
× 100
𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Equation 2

2.3.1 Nitrification and denitrification efficiency
Nitrification and denitrification efficiency in the external aerobic/anoxic reactor was
estimated as the difference in the ammonia (Equation 3) and nitrate (Equation 4)
concentrations, respectively, of the sludge supernatant entering and leaving the reactor.
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𝑁𝑁𝑁𝑁4+𝑖𝑖𝑖𝑖 −𝑁𝑁𝑁𝑁4+𝑜𝑜𝑜𝑜𝑜𝑜
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (%) =
× 100
𝑁𝑁𝑁𝑁4+𝑖𝑖𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (%) =

𝑁𝑁𝑁𝑁3−𝑖𝑖𝑖𝑖 − 𝑁𝑁𝑁𝑁3−𝑜𝑜𝑜𝑜𝑜𝑜
× 100
𝑁𝑁𝑁𝑁3−𝑖𝑖𝑖𝑖

Equation 3

Equation 4

2.4 Wastewater and sludge analysis
The total and volatile suspended solids (TSS and VSS) of influent and effluent and the MLSS
and MLVSS of sludge were measured according to the APHA Standard Method 2540 (Eaton
et al., 2005). The sludge volume index (SVI) was measured using 1000 mL of sludge
according to APHA Standard Method 2710-D (Eaton et al., 2005). The tCOD of the influent
and effluent was measured using Hach low range (LR) digestion vials that were heated in
Hach DBR200 COD Reactor, and then analyzed using Hach DR/2000 spectrophotometer
(program number 430 COD LR) according to the APHA Standard Method 5220 (Eaton et al.,
2005). Ammonia and phosphate were measured using flow injection analysis (Lachat
Instruments, USA) following the APHA Standard Method 4500 (Eaton et al., 2005). The DO
concentration of sludge was measured using a DO meter (YSI, USA). The pH and ORP of
sludge were measured with a pH/ORP meter (TPS, Australia).

2.5 Microbial community analysis
2.5.1 DNA extraction and 16S rRNA gene amplicon sequencing
Sludge samples were collected from all the reactors from both the control and OSA systems
at the end of Phase I, II, and III of the study (Section 2.2). Samples were stored and processed
following the method described in Phan et al.(Phan et al., 2016). Briefly, DNA extraction
was carried out using the FastDNA spin kit for soil (MP Biomedical, New South Wales,
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Australia). DNA integrity and quality were assessed using 1% agarose gel electrophoresis
and a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Nucleotide sequence determination of the extracted genomic DNA was carried out by the
Australian Genome Research Facility (Brisbane, QLD, Australia). The V3–V4 regions of the
16S rRNA gene were amplified using primer pairs: 341F (5’–CTAYGGGRBGCASCAG–3’)
and 806R (5’–GGACTACNNGGGTATCTAAT–3’). Amplicon sequencing was conducted on
the Illumina MiSeq platform, utilizing Illumina’s Nextera XT Index and Paired End
sequencing technology. All sequence data in this study are available at the Sequence Read
Archive (SRP078298) in the National Centre for Biotechnology Information (U.S. National
Library of Medicine).
2.5.2 Sequence analyses
Paired-ends reads were assembled by aligning the forward and reverse reads using PEAR
(version 0.9.8). Primers were removed using Septk (version 1.2). The sequences were then
processed using QIIME (version 1.9.1) (Caporaso et al., 2010b) and USEARCH (version
8.1.1861) (Edgar, 2013) software packages. Following UPARSE pipeline, sequences were
trimmed to a fixed length of 240 bases and the reads with expected number of base call errors
exceeding 0.5 were eliminated. Full length duplicates were discarded and sorted by
abundance. Singletons were removed from the data set. Sequences were clustered followed
by chimera filtering using the “rdp_gold” database as reference. Reads were mapped back to
OTUs with a minimum identity of 97%. Taxonomy was assigned by uclust (Edgar, 2010)
using the Silva119 database (Pruesse et al., 2007) in QIIME. Representative sequences were
aligned using PyNAST (Caporaso et al., 2010a) followed by gap filtering and then used to
build phylogeny trees by FastTree (Price et al., 2010).
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The α- and β-diversities were measured at even sequencing depth of 50,000 sequences per
sample (minimum number of sequences found among samples). α-diversity indices include
observed species, Chao1, phylogenetic diversity (PD_whole_tree) and Shannon. The
completeness of sampling was estimated by Good’s coverage. For β-diversity comparison, an
unweighted UniFrac distance (Lozupone and Knight, 2005) was calculated and then
interpreted by principal coordinate analysis (PCoA). All analyses were carried out in QIIME.
To explain phylogenetic variation of samples, constrained analysis of principal coordinates
(CAP) (Anderson and Willis, 2003) and permutational multivariate analysis of variance using
distance matrices (Adonis) were carried out. CAP uses a linear model combining several
environmental variables (i.e., redox condition, SRText, and sludge interchange between
aerobic and anoxic reactors) to predict the unweighted UniFrac coordinates. The significance
of the factors in the CAP model was ascertained using analysis of variance (ANOVA).
Adonis with 999 permutations was used to supplement tests for significant differences in the
community structure between redox, SRT and treatment conditions. The analysis was
conducted using phyloseq (McMurdie and Holmes, 2013) and vegan packages (v2.3-5)
(Oksanen et al., 2013) in the R environment (http://www.r-project.org/).
3. Results and discussion
3.1 OSA performance
The highest sludge reduction (35%) was observed at SRText of 20 d (Table 1). Increasing
SRText from 10 to 20 d enhanced the autolysis of sludge under environmental stress (i.e.,
oxygen- and substrate- deficient) conditions. However, further increasing SRText to 40 d did
not improve autolysis; rather it deteriorated nitrification/denitrification efficiency in the
external aerobic/anoxic reactor (Supplementary Table S3), indicating that these biological
reactions were vital to the conversion of destroyed solids into inert products (Semblante et al.,
2016b). Additionally, OSA did not hamper wastewater treatment in the main aeration tank.
10

Although the SRText were varied (10–40 d), the effluent quality of SBROSA was similar to that
of SBRcontrol (Table 1) in terms of COD, ammonia, and orthophosphate (Semblante et al.,
2016b). These findings strengthen previous assertions that OSA had no effect on wastewater
treatment efficiency (Chen et al., 2003; Saby et al., 2003).
[Table 1]

3.2 Microbial diversity
3.2.1 Comparison of SBROSA and SBRcontrol microbial diversity
The relationship between microbial community and sludge reduction in OSA was
systematically investigated by comparing the diversity indices of SBROSA (labeled as SBRO)
and SBRcontrol (labeled as SBRC) under parallel conditions (i.e., the same experimental phase)
(Table 2). This approach eliminated potential effects of temporal characteristic variations of
real wastewater (Supplementary Table S1) on the microbial communities. Since the SBRs
were fed with the same wastewater, the only difference between the two tanks at any
particular phase was that SBROSA (Figure 1a) interchanged sludge with the external reactors
whereas SBRcontrol (Figure 1b) did not have sludge interchange.
SBROSA was more diverse than SBRcontrol when SRText was 20 (Phase II) and 40 (Phase I) d
(Table 1). It was also during these operation periods that the highest diversity indices were
recorded for the external anoxic reactor (labeled as ANX) (Table 2). This suggests that the
microbial makeup of SBROSA was influenced by the continuous loading of sludge from the
external anoxic reactor (Figure 1a). In fact, some microbial species were detected exclusively
in the OSA system (to be discussed in detail in Section 3.4). Nonetheless, high diversity did
not necessarily translate to high sludge reduction. For example, SBROSA had greater diversity
than SBRcontrol when SRText was 40 d (Phase I; Table 2) yet the reactors had similar sludge
11

yield (Table 1). A decline in sludge production has been correlated with an increase in
microbial diversity in micro-aerobic tanks (Ning et al., 2014), but how they are connected has
not been clarified in literature. Current findings suggest that the microbial community
structure of SBROSA shifted to contain more slow-growing bacteria such as nitrifiers (to be
discussed in Section 3.4.3). These slow growers possibly contribute to the low sludge
production rate of SBROSA relative to SBRcontrol. However, the increase in microbial diversity
of SBROSA in itself is not sufficient to explain overall sludge reduction in the OSA system.
There is also evidence that cryptic-lysis growth (i.e., sludge autolysis followed by conversion
of destroyed solids into inert products) (Semblante et al., 2016a) is an important sludge
reduction mechanism in OSA. This is driven by the decay and proliferation of distinct
microbial groups in the external reactors. These microbial groups are discussed in more detail
in Section 3.4.3.
[Table 2]
3.2.2 Microbial diversity of SBROSA and attached external reactors
To determine the relationship between SRText and microbial community in OSA, the microbial
diversity indices of the OSA system (SBROSA and the attached aerobic/anoxic and anoxic
reactors) were compared under parallel conditions. The order of increasing diversity was the
same at all SRText: SBROSA < intermittent aerobic/anoxic (labeled as AE/ANX) < anoxic. This
suggests that diversity was affected by redox condition or ORP level. A decrease in ORP
generally indicates the depletion of DO in the mixed liquor (Table 3). The diversity of activated
sludge (Ning et al., 2014; Stadler and Love, In press; Yadav et al., 2014) and other biological
matrices (e.g., marine estuaries) (Spietz et al., 2015) has been found to intensify when DO
concentrations decrease. Microbial diversification at low DO concentration has been primarily
attributed to the enrichment of facultative anaerobes (Yadav et al., 2014) and other microbial
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groups that can thrive with limited oxygen, though other factors such as appearance of ciliated
protozoa (Singh et al., 2016) and bacterial predators (Spietz et al., 2015) are potentially relevant
as well. In the current study, unique phyla that encompass fermentative, hydrolyzing and
predatory bacteria were detected at low DO concentrations (to be discussed in Section 3.4).
[Table 3]
Bacteria must be exposed to starvation conditions to facilitate autolysis in OSA (Khursheed
et al., 2015; Semblante et al., 2016a). Indeed the sCOD in the external reactors were 40–50%
and 90–95% lower than the sCOD and tCOD of the influent, respectively, implying that
readily biodegradable substrate had already been consumed in the main aeration tank.
Previous studies have shown that external anaerobic reactors possess a greater variety of
microbial species than the main aerobic/anoxic reactor (Ning et al., 2014; Zhou et al., 2015),
but the role of diversity in sludge reduction has not been fully elucidated. The results of this
study imply that even though a fraction of the biomass undergoes decay under oxygen- and
substrate-deficient conditions, microbial groups that are able to utilize lysates (i.e., products
of cell lysis) or other food sources are enriched and eventually occupy a niche under
environmental stress. These include hydrolyzing, fermentative, denitrifying, and predatory
bacteria. The population of these microbial groups, specifically denitrifying and predatory
bacteria, changed with SRText and led to variation in sludge reduction. This is further
discussed in Section 3.4.

3.2.3 Microbial diversity of SBRcontrol and aerobic digester
Under parallel conditions, the diversity of the single pass aerobic digester (labeled as AE)
was similar to that of aerobic SBRcontrol when SRText of the former was 10 (Phase III) and 20
(Phase II) days (Table 2). On the contrary, the attached external reactors that had different
13

redox regimes exhibited greater diversity than aerobic SBROSA. Notably, the aerobic digester
was also under starvation conditions like the external reactors appended to SBROSA, but it had
high DO concentration (>5 mg/L) like SBRcontrol, and under the operating conditions of this
study, the aerobic digestion did not reduce sludge. This indicates that the deficiency of both
readily biodegradable substrate (which occurred in both external reactors of OSA and control
aerobic digester) and oxygen (which occurred in external reactors of OSA only) were
necessary to shift the microbial community structure and induce sludge reduction. Notably,
the sCOD of the aerobic digester was approximately two times higher than that of the
external reactors of OSA (Table 3) and SBRcontrol effluent (Table 1). This suggests that nonbiodegradable organic matter accumulated in the aerobic digester and was not consumed.
The diversity of the aerobic digester when the SRText was 40 d (Phase I) was lower than at 10
and 20 d (Table 2). Sludge with a long SRT (e.g., >60 d) tended to have high diversity
because slow-growing bacteria have more opportunity to propagate (Ahmed et al., 2007).
However, the diversity of aerated systems can also decrease when SRT is increased (e.g.,
from 2 to 8 d) because the biomass stabilizes and microorganisms stop competing for
resources (Saikaly et al., 2005). In this study, the decline in aerobic digester diversity at
SRText of 40 d coincided with the proliferation of the order Xanthomonadales that accounted
for 72% of the biomass (to be discussed in Section 3.4.4). ORP and nutrient levels did not
vary significantly in this phase (Table 2), but a slight change in pH possibly caused the
proliferation of Xanthomonadales and other specific bacteria (to be discussed in Section
3.4.4).

3.3 Impact of operational parameters: microbial community and sludge reduction
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PCoA was utilized to show the clustering of samples based on the differences in unweighted
UniFrac distances (Figure 2). Close clustering indicates relative similarity in phylogenetically
microbial structure of the samples. Results show that no single operating parameter can
consistently explain the variation of microbial community between samples. The first two
principal components (PC1, PC2) accounted for 43% of sample variation (Figure 2).
However, a clear clustering of samples corresponded to redox condition, i.e., strictly aerobic
(SBROSA, SBRcontrol, and the aerobic digester), intermittent aerobic, and strictly anoxic
(Figure 2).
To further clarify the influence of operation parameters (i.e., redox condition, SRText, and
sludge interchange between aerobic and anoxic reactors) on the variation of microbial
community structure, constrained analysis of principal coordinates (CAP) and Adonis were
applied. The constrained model of redox condition, SRText and sludge interchange (i.e., OSA
system vs. control system) (Supplementary Figure S4) showed a significant contribution of
redox condition and SRText to the first two components in PCoA clustering of samples. For
example, constraining redox condition and SRText (Supplementary Figure S4a) explained
nearly 85% as much variation as the first two unconstrained principal components of PCoA
(e.g., 27% + 10% in Supplementary Figure S4a vs. 29% + 14% in Figure 2). Moreover,
analysis of variance of unweighted UniFrac distance (Adonis) showed the contributions of
redox condition (27%), sludge interchange (16%) and SRText (12%) to the difference between
microbial communities (Supplementary Table S5). The major role of redox condition on the
development of microbial community in oxygen-deficient external reactors was also found in
other sludge reduction systems (Kim et al., 2012; Niu et al., 2016).
[Figure 2]
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Hierarchical clustering of unweighted UniFrac distances (Figure 3) showed that at SRText of
20 and 40 d, the microbial community structure of SBROSA and SBRcontrol were more similar
to each other than with their respective external reactors (Figure 2). This was probably
because of interchange of lower volumes of sludge between SBROSA and the external anoxic
reactor at higher SRText. Indeed, the microbial community of SBROSA was closer to that of
the external aerobic/anoxic reactor when SRT was 10 d.
[Figure 3]
PCoA and clustering based on unweighted UniFrac showed that each unit of the SBRO
system sustains the development of a unique microbial community according to redox
regimes. SRText and sludge interchange between aerobic and anoxic reactors contributed to
the dynamics of microbial communities between samples that explained the sludge reduction
achieved by each unit and the systems. The correlation between variation of microbial
community and the system performance was clarified further by examining more closely the
shift in microbial phyla especially on the important functional groups in Section 3.4.
3.4 Taxonomic classification and analysis
Overall, 43 bacterial phyla and two archaeal phyla with relative abundance of less than 1%
were detected in the OSA (SBROSA and external aerobic/anoxic and anoxic reactors) and
control systems (SBRcontrol and aerobic digester) (Supplementary Figure S6). Proteobacteria
was the most dominant phylum (35–79%) with γ-, β-, and α-Proteobacteria as the
predominant classes (23 ± 11%, 21 ± 10%, and 9 ± 3% (n = 14), respectively). The second
most abundant phylum was Bacteroidetes (17 ± 10%; n = 14) with Sphingobaceriia as the
major class (11 ± 8%; n = 14).
3.4.1

Comparison of SBROSA and SBRcontrol microbial composition
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The microbial profiles of SBROSA and SBRcontrol were examined at the order level to
determine their relationship with sludge reduction. The SBRs had the same SRT (10 d) yet
their microbial diversity (Section 3.2.1) and composition (Figure 4) varied significantly,
which implicate the influence of sludge interchange on the microbial community of the main
aeration tank. Xanthomonadales, Burkholdriales, Sphingobacteriales and Nitrospirales were
the four predominant orders in both SBRs. Among these, nitrifying bacteria Nitrospirales was
consistently more abundant in SBROSA (2.4 – 8.9%; n = 15) than SBRcontrol (0.1 – 3.9%; n =
15) in all phases of the study (Figure 4). Other nitrifying bacteria, Nitrosomonadales, was a
minor constituent but was also consistently more abundant in SBROSA (0.6 – 2.7%; n = 15)
than SBRcontrol (0.1 – 1.2%; n = 15). Nitrifying bacteria inherently have slow growth rate
(Tchobanoglus et al., 2003). The proliferation of slow-growing nitrifiers in SBROSA may
contribute to the decrease of sludge yield. This is in addition to the sludge reduction due to
the autolysis of sludge in the external reactors driven by the selection of distinct microbial
groups (e.g., hydrolysers, fermenters, and bacterial predators).
[Figure 4]
A few bacterial orders were more abundant in SBROSA than SBRcontrol under specific
conditions. For example, Rhodospirillales was abundant when SRText was 40 d (Phase I). In
contrast, some microbial orders were more abundant in SBRcontrol than SBROSA, including
Flavobacteriales when SRText was 40 d (Phase I) and Rhdobacterales when SRText was 20 d
(Phase II). The random appearance of these bacteria was probably due to temporal variations
in domestic wastewater strength and composition (Supplementary Table S1).

3.4.2

Microbial community under oxygen-rich and -deficient conditions
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Variation in the abundance of Proteobacteria, Bacteroidetes, and other major phyla were
primarily influenced by redox condition or ORP level, i.e., strictly aerobic (SBROSA,
SBRcontrol, and aerobic digester), intermittent aerobic/anoxic, and strictly anoxic (Figure 4).
This is in agreement with the results of PCoA of unweighted UniFrac (Section 3.3).
The phylum Proteobacteria had lower abundance in oxygen-deficient than oxygen-rich
conditions. The relative abundance of class β- and γ-Proteobacteria decreased in the
following order: aerobic (22 ± 13 and 29 ± 20%, n = 9, respectively) > intermittent
aerobic/anoxic (19 ± 6. and 25 ± 17%, respectively; n = 3) > anoxic (12.9 ± 1.4 and 19 ± 7%,
respectively; n = 3). Previous studies observed that the Proteobacteria population was
negatively correlated with sludge reduction (Lin et al., 2009; Ning et al., 2014). Lin et al.
(2009) reported that the relative abundance of β-Proteobacteria in a gravel contact oxidation
reactor (12%), a system that minimizes sludge production, was lower than that of a control
CAS (18%). Ning et al. (2014) noted that β-Proteobacteria was possibly the main bacterial
class that was reduced in an external anaerobic reactor attached to a main anoxic/aerobic
reactor. The current study indicates that both β- and γ-Proteobacteria decayed under
environmental stress in OSA. The decay of these microorganisms did not decrease the overall
diversity of OSA (Section 3.2) because a greater variety of species were enriched under
oxygen-deficient conditions. Moreover, the current study shows that both aerobic/anoxic and
anaerobic treatment can enrich hydrolyzing and fermentative bacteria. This suggests that the
addition of either anoxic or anaerobic external reactors can be used as an approach to reduce
sludge.
The organisms that thrived under oxygen-deficient conditions included hydrolyzing and
fermentative bacteria. Results show that the relative abundance of Bacteroidetes increased in
the following order: aerobic (14 ± 9%, n = 9) > intermittent aerobic/anoxic (16 ± 9%, n = 3) >
anoxic (22 ± 14%, n = 3) (Supplementary Figure S6). Members of Bacteroidetes are
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hydrolyzing bacteria that have been associated with EPS degradation (Ferrentino et al., 2016;
Zhou et al., 2015). These bacteria have been detected in an external anaerobic reactors
attached to main anoxic/aerobic reactors (Ferrentino et al., 2016; Zhou et al., 2015). Other
hydrolyzing bacteria including members of the phyla Chloroflexi, Gemmatimonadetes and
Chlorobi, were also more abundant in the anoxic (2.4 ± 0.6, 2.0 ± 0.6 and 1.7 ± 0.4%,
respectively; n = 3,) and intermittently aerobic/anoxic (1.2 ± 0.8, 1.0 ± 0.5 and 0.8 ± 1.0%,
respectively; n = 3) than the aerobic (0.1 – 0.6%) reactors (Supplementary Figure S6).
Chloroflexi has been associated with anaerobic degradation of carbohydrates and cellular
materials (Weissbrodt et al., 2014), and has been detected as one of the dominant bacteria in
an external anaerobic reactor attached to an aerobic MBR (Cheng et al., 2017). Furthermore,
fermentative bacteria such as OP8, Firmicutes, WS3, and Spirochaetae were only found in
significant abundance in the external anoxic reactor (2.2 ± 1.2, 1.0 ± 0.1, 1.0 ± 0.5 and 1.0 ±
0.3%, n = 3, respectively) (Supplementary Figure S6). Firmicutes degrades complex organic
matter, and has been detected in an externa anaerobic reactor attached to anoxic/aerobic SBR
(Ferrentino et al., 2016). Candidate phylum WS3 degrades a wide variety of polysaccharides
and glycoproteins that are major components of EPS in activated sludge (Youssef et al.,
2015). Hydrolysing and fermentative bacteria can function in tandem to facilitate sludge
autolysis. Under oxygen-deficient conditions, hydrolyzing bacteria convert particulate or
cellular organic matter into soluble sugars, monosaccharides, or fatty acids (Niu et al., 2016;
Tchobanoglus et al., 2003). Meanwhile, fermentative bacteria break down products of
hydrolysis into smaller fatty acids, alcohols, and other by-products (Ferrentino et al., 2016;
Tchobanoglus et al., 2003). The abundance of hydrolyzing and fermentative bacteria
especially in the external reactors bolster previous findings on the pertinent mechanisms of
sludge autolysis in OSA, such as the destruction of volatile solids (Semblante et al., 2016a)
and disintegration of EPS (Semblante et al., 2015). The current study provides a micro-
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ecological perspective on the mechanism of sludge autolysis in the external reactors: bacteria
such as β- and γ-Proteobacteria decrease in the external reactor, thereby producing materials
that can be metabolized by hydrolyzing and fermentative bacteria for cell maintenance. The
enrichment of hydrolyzers and fermenters further facilitates sludge autolysis as they break
down particulate and soluble organic matter.
3.4.3

Impact of external reactor SRT on microbial composition

3.4.3.1 OSA external reactors
It was previously found that the external anoxic reactor induced sludge autolysis, while the
external aerobic/anoxic reactor facilitated the conversion of destroyed volatile solids into
inert materials via nitrification/denitrification (Semblante et al., 2016a). High
nitrification/denitrification especially occurred in the external aerobic/anoxic reactor at low
SRText (< 20 d) (Supplementary Table S3) (Semblante et al., 2016b). Furthermore, increasing
the SRText decreased the ORP of the external aerobic/anoxic reactor when aeration was
turned off (i.e., the anoxic phase) (Table 3) (Semblante et al., 2016b). In the current study, the
relative abundance of the predominant order, Xanthomonadales (γ-Proteobacteria), sharply
increased from 16 to 43% when SRText was increased from 10 to 20 d, but declined to 12%
when SRText was further increased to 40 d (Figure 4). This indicates that Xanthomonadales
thrives under environmental stress. Xanthomonadales has been detected in environments with
low nitrogen (Atashgahi et al., 2015) and substrate content (Sato et al., 2016) such as one that
pervades in the external aerobic/anoxic reactor at low SRText (< 20 d) (Semblante et al.,
2016b). Moreover, it has been found to increase when sludge production of an MBR
decreased due to decline in organic loading (Sato et al., 2016). Although Xanthomonadales
has been identified as a denitrifying bacteria (Ontiveros-Valencia et al., 2014) the current
results show that denitrification efficiency was not necessarily enhanced (Supplementary
Table S3) when it became more abundant. Other species could be responsible for
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denitrification in the aerobic/anoxic reactor. For instance the relative abundance (16, 6, and
12% when SRText was 10, 20, and 40 d, respectively; Figure 4) of denitrifying bacteria
Burkhoderiales (Weissbrodt et al., 2014) correlated well with high denitrification
(Supplementary Table S3). Nonetheless, bacteria having denitrifying capacity are notably
diverse (Weissbrodt et al., 2014; Xu et al., 2015). Members of Rhodocyclales,
Pseudomonadales, Rhodospirillales, Corynebacteriale, and Rhizobiales (Weissbrodt et al.,
2014; Xu et al., 2015), which were all found in varying abundance in aerobic/anoxic sludge
(Figure 4), can potentially perform denitrification. Therefore, it is possible that a consortium
of bacteria performed denitrification in the aerobic/anoxic reactor.
Also of note, nitrifying bacteria (Nitrospirales and Nitrosomonadales) were detected in the
external aerobic/anoxic reactor under all SRText (Figure 4). Nitrospirales accounted for 4 –
8% of the biomass and Nitrosomonadales accounted for 1 – 2% (Figure 4). The abundance of
nitrifying bacteria in the current study was higher than those detected in nitrifying activated
sludge of a previous study (Phan et al., 2016). While Nitrosomonadales are well-known
ammonia-oxidizing bacteria, a recent study found that Nitrospirales can perform complete
nitrification (Daims et al., 2016). Therefore, the deficiency of nitrification/denitrification at
SRText of 40 d was not due to the loss of nitrifying species. Rather, it was because of the
limitation of substrate (sCOD), corroborating the explanation in the previous study
(Semblante et al., 2016b).
The families Saprospiraceae (14%) and Chitinophagaceae (7%) and the members of the
order Sphingobacteriales, were the predominant bacteria in the external aerobic/anoxic
reactor when SRText was 40 d. Members of Sphingobacteriales are aerobic or facultative
anaerobic bacteria (Section 3.4.1). Increasing the SRText from 10 to 40 d decreased reactor
ORP from approximately +50 to –150 mV when aeration was turned off (Table 3). This
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suggests that the ability of Sphingobacteriales to grow under anaerobic conditions (i.e., low
ORP) enabled them to proliferate at high SRText.
A previous study showed that increasing SRText from 10 to 20 d enhanced volatile solids
destruction in the external anoxic reactor, but further increasing SRText to 40 d did not result
in further solids destruction (Semblante et al., 2016b). In the current study, the microbial
profile of this reactor helped in analyzing the impact of SRText on sludge autolysis (Figure 4).
Xanthomonadales (18 ± 7%; n = 3) and Sphingobacteriales (17 ± 15%; n = 3) were the
predominant orders in the external anoxic reactor at all SRText (Figure 4). The relative
abundance of nitrifying (Nitrosomonadales = 1.0 ± 0.0% and Nitrospirales = 5.0 ± 0.6%; n =
3) and denitrifying (Burkholderiales = 5.7 ± 1.0%; n = 3) bacteria were similar at different
SRText (Figure 4). The population of these bacteria were stable because the ORP (<400 mV)
of the external anoxic reactor was maintained even though SRText was varied.
Predatory bacteria were especially enriched in the external anoxic reactor, and their
population dynamics correlated with the efficiency of cell lysis in the external anoxic reactor.
It was previously demonstrated that 20 d was the optimum SRText for cell lysis in the external
anoxic reactor (Semblante et al., 2016b). In line with that, in the current study we observed
that Myxobacteriales were more abundant at SRText of 20 d (5.6%) than at 10 (2.3%) and 40
d (3.6%) (Figure 4). Myxobacteria, which are usually found in soils and aquatic
environments, secrete metabolites to damage the cell wall of other bacteria (Yao et al., 2011).
Likewise the abundance of Bdellovibrio, a genus of Gram-negative obligate predators that
prey on other Gram-negative bacteria (Jurkevitch, 2007; Niu et al., 2016), was the highest
when SRText was 20 d (0.61%; n = 3) (data not shown). Niu et al. (2016) also found
Bdellovibrio and similar predatory bacteria in an oxygen-deficient tank attached to CAS to
achieve sludge reduction. In this study, increasing the SRText beyond 20 d did not cause
further improvement to cell lysis, possibly because the remaining biomass was able to survive
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using lysates as substrate under oxygen-deficient conditions. The abundance of predatory
bacteria was at the maximum at SRText of 20 d and slightly declined at SRText of 40 d,
suggesting that their population was stable at SRText ≥ 20 d. The correlation between
predatory bacterial population and cell lysis efficiency indicates that these microorganisms
play a significant role in volatile solids destruction in the external anoxic reactor. Therefore,
the enrichment and activity of predatory bacteria in the external reactors contribute to the
overall sludge reduction in OSA.
The maximum abundance of certain hydrolyzing bacteria was observed at the SRText of 20 d.
This pattern was especially observed in Chloroflexi, which had an abundance of 1.5, 4.3, and
1.4% at SRText of 10, 20, and 40 d, respectively. The current study indicates that in addition
to predatory bacteria, hydrolyzing bacteria were essential to the process of sludge autolysis in
OSA and other systems using redox interchange to reduce sludge. This also provides stronger
evidence that anoxic condition is sufficient to induce the proliferation of hydrolyzing bacteria
that facilitate sludge reduction.
3.4.3.2 Control aerobic digester
Similar to the external reactors of OSA, the aerobic digester was under substrate-deficient
conditions (Section 3.2.3), however, minimal sludge autolysis occurred (Semblante et al.,
2016b). In this study, the bacterial profile of the aerobic digester was analyzed to determine
the impact of substrate deficiency on sludge with continuous supply of oxygen. This provides
a point of comparison for assessing the synergistic effect of withholding both substrate and
oxygen from sludge, as in the case of the external reactors of OSA.
PCoA showed that the microbial composition and structure of SBRcontrol and the aerobic
digester were highly similar throughout the operating period (Section 3.3) except when
SRText was 40 d (Phase I). During this time, the low pH (< 5.5) of the aerobic digester
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affected its microbial community. SBRcontrol and aerobic digester had comparable microbial
composition probably because the two reactors had similar DO concentration (> 5 mg/L).
Also, the configuration of the control system, i.e., the aerobic digester received sludge solely
from SBRcontrol, ensured that the microbial community of the latter reactor was dependent on
the former. However, a few bacteria had varying population in SBRcontrol and aerobic digester.
For example, the percent composition of the orders Burkholderiales, Rhodocyclales, and
Myxococcales in the aerobic digester (7 ± 6, 7 ± 6 and 2.3 ± 2.6%, respectively; n = 3) was
markedly lower than that of SBRcontrol (21 ± 8, 20 ± 8 and 13 ± 8%; n = 3) (Figure 4). Their
population probably diminished due to lack of readily biodegradable substrate in the aerobic
digester. On the contrary, the percent composition of orders Xanthomonadales and
Sphingobacteriales in the aerobic digester (42 ± 27 and 11 ± 7%, respectively; n = 3) was
higher than that of SBRcontrol (13 ± 9 and 8 ± 4%, respectively; n = 3). The aforementioned
bacteria were also found at significant concentration in the external reactors of OSA (Section
3.4.3), suggesting that they can flourish despite the starvation conditions. These results
indicate that although DO concentration is a key factor affecting microbial composition in
sludge, the availability of substrate also contributes to shifts in microbial community
structures.
Xanthomonadales (35 – 70%) was the most abundant order in the aerobic digester at all SRTs
(Figure 4). These bacteria were one of the four major orders in the SBRs (Section 3.4.2) and
also the predominant order in the external aerobic/anoxic reactor of OSA (Section 3.4.3).
Current findings suggest that Xanthomonadales can survive under substrate-deficient
conditions.
Nitrification was inhibited in the aerobic digester (Semblante et al., 2016b) probably because
bacteria that perform nitrification (e.g., Nitrospirales) and nitrogen-fixation or conversion of
molecular nitrogen to ammonium ions (Rhiziobiales) were not abundant (0 – 5%) at all
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SRText. Nitrifying bacteria are highly sensitive to various environmental conditions (e.g.,
temperature, pH, alkalinity, organic compounds). In this study, it is possible that the pH of
the aerobic digester (6.2 – 6.9) was too low for specific nitrifying bacteria to grow. For
instance, pH 6.5 – 8.5 is the ideal growth range for genus Nitrobacter, the bacteria that
convert nitrite to nitrate (Gerardi, 2002). Possibly, the abundance of its parent order,
Rhiziobiales, was very low (0 – 2%) in the aerobic digester due to low pH.
Some bacterial orders became more abundant when SRText was increased from 10 to 20 d,
and then declined when SRText was increased to 40 d. These included Sphingobacteriales,
Flavobacteriales, Subgroup 4, and SC-I-84. Notably, with the exception of Spingobacteriales
(5.8%), the abundance of the aforementioned orders was nearly zero at SRT of 40 d.
Spinghobacteriales and Flavobacteriales are hydrolyzing bacteria that can break down
carbohydrates (Maspolim et al., 2015; Ning et al., 2014).
The microbial diversity of the aerobic digester peaked at SRText of 20 d, and then sharply
decreased at SRText of 40 d (Section 3.2.3) with Xanthomonadales accounting for 72% of the
community abundance. Xanthomonadales, as discussed earlier, are resilient bacteria that can
survive under environmental stress involving oxygen and substrate deficiency (Figure 4).
Another order that became predominant at SRText of 40 d was Acidobacteriales (11%), which
could survive under highly acidic conditions (Campbell, 2014). In this study, the pH of the
aerobic digester ranged from 5.2 – 6.7. The periods of low pH (< 5.5) probably allowed this
order to proliferate. Nonetheless, as mentioned in Section 3.2.3, the microbial diversity of the
aerobic digester at this phase of the study was extremely low, so potential errors in sampling
cannot be ruled out completely.
Generally, the patterns observed in the aerobic digester (i.e., lack of nitrification/
denitrification and sludge autolysis) were corroborated by its microbial diversity (Section
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3.2.3) and composition. The microbial profile of the aerobic digester also showed both
substrate- and oxygen-deficient environments must be fulfilled to facilitate sludge autolysis
in external reactors.

4. Conclusion
The microbial diversity and composition of a laboratory-scale OSA fed with real wastewater
were determined. PCoA of unweighted Unifrac distances demonstrated that redox condition
was the most important factor affecting microbial diversity. Microbial diversity in reactors
increased in the following order: aerobic < intermittent aerobic/anoxic < anoxic. Generally,
SBROSA had greater abundance of slow-growing nitrifying bacteria, which may explain the
lower sludge yield compared to SBRcontrol. A wider range of microorganisms such as
hydrolyzing (e.g., phyla Bacteroidetes and Chloroflexi), fermentative (e.g., orders OP8,
Firmicutes, WS3, and Spirochaetae), and predatory (e.g., orders Myxobacteriales and
Bdellovibrio) bacteria proliferated in the external reactors of OSA. Hydrolyzing and
fermentative bacteria possibly facilitated the degradation of cellular matter. The increase in
the abundance of predatory bacteria in the external anoxic reactor coincided with high sludge
reduction under an optimum SRText of 20 d, suggesting that predators had a key role in
facilitating sludge autolysis.
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Table 1. Sludge yield (Y) of SBROSA and SBRcontrol when SRTSBR was maintained at 10 d and SRText was varied (10–40 d). Values are mean ±
standard deviation of n number of samples.

Experimental SRText
(d)
phase

Number
of
samples
(n)

Sample

Influent
I

40

18

SBROSA
effluent
SBRcontrol
effluent
Influent

II

20

19

SBROSA
effluent
SBRcontrol
effluent
Influent

III

10

11

SBROSA
effluent
SBRcontrol
effluent

tCOD
(mg/L)

NH4+- PO43–N
P
(mg/L) (mg/L)

sCOD
(mg/L)

498±208 105±52

86±36

34±20

78±38

35±19

10±7

40±24

78±47

43±25

22±22

39±22

478±254

99±56

88±38

29±8

75±29

38±13

12±5

33±13

89±55

44±28

14±11

34±11

491±194

132±66

68±4

18±4

59±27

44±22

7±3

21±2

64±26

47±22

8±4

19±2

2

TSS (g/L);
VSS (g/L)
0.8±0.2;
0.3±0.1
0.7±0.1;
0.2±0.1
0.7±0.1;
0.2±0.1
0.7±0.1;
0.3±0.1
0.6±0.1;
0.2±0.1
0.6±0.2;
0.2±0.1
0.7±0.1;
0.3±0.1
0.7±0.1;
0.3±0.1
0.7±0.1;
0.2±0.1

YSBROSA
YSBRcontrol
Sludge
(g
(g
yield
MLVSS/g MLVSS/g
reduction
tCOD);
tCOD);
(%)
2
(R )
(R2)
0.13;
(0.84)

0.13;
(0.77)

0

0.09;
(0.69)

0.14;
(0.80)

35

0.16;
(0.67)

0.19;
(0.65)

16

Table 2. Microbial diversity indices in the OSA and control system reactors. Diversity was estimated at the minimum sequencing depth of all
samples (50,000 sequences per sample). Coverage was more than 99% for all samples (data not shown). Values are mean ± standard deviation of
10 iterations (10 random subsampling at sequencing depth of 50,000 sequences per sample).
Experimental phase

I

SRText (d)

40

II

20

III

10

Reactor

Sample label

OTUs

Chao1

PD

Shannon

SBROSA

SBRO.40

1630 ± 15

2055 ± 75

83 ± 1

8.2 ± 0.01

Aerobic/anoxic
Anoxic
SBRcontrol
Aerobic digester

AE/ANX.40
ANX.40
SBRC.40
AE.40

1870 ± 10
2085 ± 20
1430 ± 25
450 ± 10

2330 ± 40
2700 ± 70
1830 ± 90
730 ± 65

100 ± 1
119 ± 2
72 ± 2
35 ± 1

7.8± 0.01
7.9 ± 0.01
7.9 ± 0.01
3.3 ± 0.01

SBROSA

SBRO.20

1350 ± 2

1680 ± 10

72 ± 0

6.40 ± 0.01

Aerobic/anoxic
Anoxic
SBRcontrol
Aerobic digester
SBROSA
Aerobic/anoxic
Anoxic
SBRcontrol
Aerobic digester

AE/ANX.20
ANX.20
SBRC.20
AE.20
SBRO.10
AE/ANX.10
ANX.10
SBRC.10
AE.10

1640 ± 10
2270 ± 10
1210 ± 10
1245 ± 3
985 ± 10
1325 ± 10
2010 ± 10
1190 ± 10
1060 ± 10

2080 ± 40
2760 ± 40
1530 ± 30
1565 ± 15
1265 ± 40
1650 ± 40
2490 ± 40
1450 ± 30
1315 ± 35

91± 1
125 ± 1
64 ± 1
67 ± 0
54 ± 1
75 ± 1
114 ± 1
64 ± 1
57 ± 1

6.6 ± 0.01
8.5 ± 0.01
7.0 ± 0.01
7.3 ± 0.01
6.0 ± 0.01
7.3 ± 0.01
7.9 ± 0.01
6.8 ± 0.01
6.7 ± 0.01
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Table 3. Operating conditions and properties of OSA and control system reactors. Values are mean ± standard deviation of n number
of samples.
Experimental
phase

I

SRText

40

Number of
samples (n)

18

II

20

19

III

10

11

Reactor

pH

ORP (mV)

DO (mg/L)

SBROSA

6.5±0.7

Aerobic/anoxic

6.7±0.3

Anoxic
SBRcontrol
Aerobic digester
SBROSA

6.5±0.4
6.6±0.4
6.3±0.6
7.2±0.6

Aerobic/anoxic

6.9±0.4

Anoxic
SBRcontrol
Aerobic digester
SBROSA

6.5±0.3
7.3±0.6
6.4±0.4
6.8±0.4

Aerobic/anoxic

6.2±0.5

Anoxic
SBRcontrol
Aerobic digester

6.2±0.2
6.9±0.3
6.9±0.5

230±60
140±10 /
–120±20 b
–410±20
220±20
200±70
230±40
90±30 /
–40±120 b
–430±10
220±20
190±40
220±40
130±60 /
50±20 b
–390±60
220±40
120±40

6.4±0.6
5.5±0.5 /
0.3±0.2 b
–
5.6±0.8
5.6±1.3
6.4±1.0
5.0±1.4/
0.3±0.1 b
–
6.0±1.2
6.9±1.1
6.0±0.6
3.9±0.2 /
0.3±0.1 b
–
4.9±0.8
4.7±0.6

a

Refers to SCOD of the mixed liquor supernatant

b

ORP and DO measurements during aeration

4

SCOD a
(mg/L)
–

MLSS
(g/L)
2.6±1.0

MLVSS
(g/L)
1.8±0.6

67±49

5.2±2.0

3.5±1.5

40±7
–
109±60
–

2.9±1.0
2.2±1.0
9.9±3.2
2.3±0.8

1.9±0.8
1.7±0.8
6.7±2.3
1.7±0.7

43±19

3.8±1.2

2.7±0.9

45±19
–
153±23
–

3.9±1.1
7.3±1.7
5.0±1.2
2.1±0.2

2.6±0.8
5.0±1.2
0.7±0.1
1.6±0.2

60±33

2.0±0.4

1.5±0.2

25±60
–
87±48

2.1±0.7
2.2±0.2
3.8±1.0

1.4±0.5
1.6±0.2
2.5±0.4

List of Figures
Figure 1. Schematic diagram of (a) the OSA system comprised of SBROSA attached to
intermittently aerated (i.e., aerobic/anoxic) and anoxic reactors, and (b) the control system
(blank) comprised of SBRcontrol attached to a single-pass aerobic digester.
Figure 2. Principal coordinates of the unweighted UniFrac calculated at even sequencing depth
of 50,000 sequences per sample. The samples were labeled as X.Y, where X = reactor name and
Y = SRText (days). SBROSA, aerobic/anoxic reactor, and anoxic reactor of the OSA system were
abbreviated as SBRO, AE/ANX and ANX, respectively. SBRcontrol and aerobic digester of the
control system were abbreviated as SBRC and AE, respectively.
Figure 3. Sample clustering based on the unweighted UniFrac distance (calculated at even
sequencing depth of 50,000 sequences per sample) at each SRText condition. The samples were
labeled as X.Y, where X = reactor name and Y = SRText (days). SBROSA, aerobic/anoxic reactor,
and anoxic reactor of the OSA system were abbreviated as SBRO, AE/ANX, and ANX,
respectively. SBRcontrol and aerobic digester of the control system were abbreviated as SBRC and
AE, respectively. The clustering (hclust) method used was “ward.D2.”
Figure 4. The dominant microbial orders (above 2% in relative abundance) of the microbial
communities in the main SBR and the external reactors. The samples were labeled as X.Y, where
X = reactor name and Y = SRText (days). SBROSA, aerobic/anoxic reactor, and anoxic reactor of
the OSA system were abbreviated as SBRO, AE/ANX, and ANX, respectively. SBRcontrol and
aerobic digester of the control system were abbreviated as SBRC and AE, respectively.
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Table S1. Properties of domestic sewage (n=number of samples)
Property
tCOD
sCOD
TOC
TN
NH4+-N
PO43--P
Total P
pH

Average
498±208 mg/L
105±52 mg/L
46.8±23.5 mg/L
36.1±9.4 mg/L
80.1±33.2 mg/L
28.4±15.0 mg/L
24.6±16.2 mg/L
6.9±0.3

n
48
48
48
48
48
48
18
37

Table S2. Calculation of sludge yield
The sludge yield Y of SBRcontrol and SBROSA was determined as the slope of the linear
regression of the cumulative sludge produced (g mixed liquor suspended solids, MLVSS)
versus cumulative substrate consumed (g total chemical oxygen demand, tCOD). The
MLVSS produced by SBR1 (PSBR1) and SBR2 (PSBR2) at a given time interval were quantified
using a mass balance of biomass and shown in Equation S.1 and S.2, respectively:

PSBR1 = ∆MLVSS SBR1 × VSBR1 + (VSS e1 × X out + MLVSS SBR1 × W − VSS i × X in ) × ∆

Equation
S2.1

PSBR 2 = ∆MLVSS SBR 2 × VSBR 2 + (VSS e 2 × X out + MLVSS SBR 2 × W − VSS i × X in −

Equation
S2.2

MLVSS ANX × q5 ) × ∆t

wherein MLVSSSBR1, SBR2 or ANX is the biomass concentration of the SBRs and the anoxic
reactor, V SBR1 or SBR2 is the effective reactor volume, VSSi is the volatile suspended solids
concentration of the influent, VSSe1 or e2 is volatile suspended solids concentration of the
effluent, Xin or out is flow rate of the influent or effluent, W is the flow rate of sludge wasted
from the SBRs, q5 is the flow rate of sludge returned from the anoxic reactor to SBR2
(Section 2.2), and t is time. Notably, VSSi is deducted from the calculation of PSBR1 and PSBR2
to discount the significant amount of volatile solids carried by real wastewater (e.g. 0.1-0.5
g/L), and MLVSSANX is deducted from the calculation of PSBR2 to discount the biomass that
was only recycled back to SBR2 from OSA.
The amount of substrate consumed C by individual SBRs was calculated according to
Equation S.3:

C = (tCODi − tCODe1 or e 2 ) × X i n × ∆t

Equation S2.3

wherein tCODi and tCODe1/e2 are the tCOD of the influent and effluent, respectively.
The Y of the control and OSA systems were additionally determined. The synthesis of cells in
the aerobic digester and OSA may occur even under limited substrate conditions when
microorganisms consume products of cell lysis (Hao et al., 2010), so those reactors may also

2

contribute to MLVSS production of the whole system. The MLVSS production of the control
(PControl) and OSA (POSA) systems were calculated using Equations S.4 and S.5, respectively:

Pcontrol = ∆MLVSS SBRcontrol × VSBRcontrol + ∆MLVSS AE × VAE + (VSSe1 × X out + MLVSS AE ×
− VSSi × X in ) × ∆t
POSA = ∆MLVSS SBROSA × VSBROSA + ∆MLVSS AE / ANX × VAE / ANX + ∆MLVSS ANX × VANX +
(VSSe 2 × X out + MLVSS AE / ANX × q3 − VSSi × X in ) × ∆t

Equation
S2.4
Equation
S2.5

wherein MLVSSAE/ANX or ANX is the sludge concentration of the aerobic/anoxic and anoxic
reactors, VAE, AE/ANX or ANX is the effective digester or reactor volume, Qout is the flow rate of
sludge wasted from the aerobic digester, and q3 is flow rate of sludge wasted from the
aerobic/anoxic reactor. Notably, the sludge interchanged within the external reactors and
between SBROSA and external reactors were retained in the system hence it is not necessary to
deduct those sludge flows from the calculation of POSA. The net substrate consumption of the
system was calculated using Equation S.3.
References:
Hao, X.D., Wang, Q.L., Zhu, J.Y., Van Loosdrecht, M.C.M. 2010. Microbiological
Endogenous Processes in Biological Wastewater Treatment Systems. Critical Reviews
in Environmental Science and Technology, 40(3), 239-265.
Semblante, G.U., Hai, F.I., Bustamante, H., Price, W.E., Nghiem, L.D. 2016. Effects of
sludge retention time on oxic-settling-anoxic process performance: Biosolids
reduction and dewatering properties. Bioresource Technology, 218, 1187-1194.

Table S3. Nitrification and denitrification efficiency in the external aerobic/anoxic reactor of
OSA at different SRText. Values are mean ± standard deviation of n number of samples
(Semblante et al., 2016)
Experimental
phase
I
II
III

Number
of
samples
n
18
19
11

Aerobic/anoxic
SRText

ORPon*
(mV)

ORPoff**
(mV)

Nitrification
(%)

Denitrification
(%)

40
20
10

134±22
92±22
139±14

45±25
-42±15
-124±15

None
60±73
76±10

None
37±14
62±13
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Figure S4. Constrained analysis of principal coordinates (CAP) where PCoA-oriented
unweighted UniFrac distance was constrained by operating parameters: (A) Redox and
sludge retention time (SRT); (B) Redox, SRT and sludge interchange between aerobic and
anoxic reactors .

Table S5. Adonis (permutational multivariate analysis of variance using distance matrices) of
unweighted UniFrac was conducted to find the explanation for the difference between
bacterial communities. The analysis was performed by using “vegan” package implemented
in R software.
R2
0.27
0.16
0.12

Operational parameters
ORP
Treatment (control vs. OSA)
SRT

4

p values
0.001
0.002
0.045

Acidobacteria
Actinobacteria
Bacteroidetes
OP8
TM7
WS3
Chlorobi

Chloroflexi
Cyanobacteria
Firmicutes
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Nitrospirae
Alphaproteobacteria
Betaproteobacteria

Deltaproteobacteria
Epsilonproteobacteria
Gammaproteobacteria
Spirochaetae
Verrucomicrobia
Minors
Unclassified
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Figure S6. The dominant bacterial phyla (>1% in relative abundance) of the bacterial
communities in the OSA and control systems. The samples were labeled as X.Y, where
X=reactor name and Y=external reactor SRT (days). SBROSA, aerobic/anoxic reactor, and
anoxic reactor of the OSA system were abbreviated as SBRO, AE/ANX, and ANX,
respectively. SBRcontrol and aerobic digester of the control system were abbreviated as SBRC
and AE, respectively.
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